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Introduction
Within the current trend to develop inexpensive and sustainable procedures for the fabrication of functional nanomaterials, various biological substances have been applied as tailoring agents for the preparation of nanostructured inorganic particles, monoliths and films [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The utilization of natural substances as structure directing agents is indeed attractive from several reasons: (i) they show specific reactivity; (ii) their anisotropy allows the fabrication of complex inorganic structure by facile synthetic procedures; (iii) they are renewable and often inexpensive ready-available materials.
Specific reviews [1, 2] report various examples of bio-materials used as structure directing agents in the sol-gel synthesis of ceramic materials. For instance, silicon carbide cellular structures [3] have been obtained by infiltration of fuse silicon or of tetraethyl orthosilicate (TEOS) in a large variety of woods (oak, maple, beech, ebony, pine, poplar, etc. …) and other lignocellulosic supports [3] [4] [5] . Metal oxide fibers have been obtained via sol-gel process also in presence of cotton [6] or pure cellulose [7] . Starch has been applied in the preparation of titanium dioxide and silica monoliths having hierarchical porous structure [8, 9] . Recently, yeast cells have been utilized as templating agents for the preparation of photoactive titanium oxide [10] and mesoporous zirconium phosphate [11] powders.
In this context, waste-derived biosurfactants (BSs) are interesting structure directing agents for the preparation of nanostructured materials, because of their green origin, inexpensiveness, and their ability to organize themselves in different supramolecular structures depending on composition, concentration and pH [12] . The origin, the extraction process, and the general structure of these biosurfactants are depicted in Fig. 1 . Modern cities create vast quantities of waste, which is collected and transported to dedicated treatment plants. In these facilities the organic fraction of the urban waste is typically stabilized by composting, i.e. an aerobic biodegradation process. The so obtained compost can be disposed in landfill areas or used as soil amendment, i.e. to improve soil physical properties, such as aeration and water retention. On the other hand, compost has been shown to contain large concentrations (up to 12 w%) of BSs, which can be easily isolated by extraction in alkali and precipitation at pH < 1.5. These BSs bear chemical similarity with soil organic matter [12, 13] and might be exploited as valuable specialty chemicals.
They are complex mixtures of polymeric molecules with average molecular weight ranging from 10 4 to 10 6 g mol -1 and polydispersity index in between 6 and 60. These macromolecules contain several functional groups and C atoms of different polarity. They appear to be formed by flexible aliphatic chains substituted by aromatic rings and several functional groups as carboxilic acid (COOH), amide (CON), keto (C=O), phenol (PhOH), alkoxy (O-alkyl), anomeric carbon (O-C-O), and amines (NRR', with R and R' being alkyl or H) groups. At basic and neutral pH, negatively charged carboxylic acid groups guarantee biosurfactant solubility in water; whereas at low pH, carboxylic acids are in their protonated form and these waste-derived biosurfactants show scarce solubility.
Simultaneous presence of hydrophobic aliphatic chains and acid moieties, as carboxylic acids and phenols, confers anionic surfactant-like behavior. Thus, BSs have been proposed as chemical auxiliaries for a broad spectrum of industrial and environmental applications, in substitution of the more expensive commercial synthetic surfactants, which are typically produced from oil-derived chemicals. BSs application spectrum encompasses detergency [14] , textile dyeing [15, 16] , soil washing [16] , photodegradation of organic pollutants in waste effluents [17, 18] . The regional differences and the seasonal fluctuations in the 6 composition of organic waste might raise concern about BS reproducibility. However, it has been shown that BS structure, hydrophilicity and surfactant properties tends to level if the organic waste is treated for several days under aerobic conditions [19] . During the composting process, the organic components of the refuse are indeed metabolized by microorganisms, and BS structure becomes similar to the one of the humic substances present in surface water and soil.
The polyelectrolytic structure and the surfactant properties of BSs make them attractive chemical auxiliaries for the fabrication of nanostructure materials. Over the last three decades synthetic surfactants have been indeed largely applied as soft templates for the fabrication of inorganic materials with defined pore structure [20] [21] [22] or to stabilize (micro)emulsions for the synthesis of inorganic nanoparticles with well-defined size and shape [22] [23] . A BS has been recently applied for the first time as sacrificial tailoring agents for the preparation of mesoporous silica powders [24] by sol-gel method. Fig. 2 shows the TEM picture of the silica particles prepared at a BS concentration of 3 g L -1 . 
Materials and methods
Materials
Titanium tetraisopropoxide (TIIP, 97%), sodium hydroxide and concentrated 
Biosurfactant isolation and characterization
A detailed description of isolation and characterization procedures of the BS substance used in this work, hereinafter referred to as CVU90, is given elsewhere [13, 19] . The sourcing bio-waste was dispersed in water at a 1:4 w/v ratio. Solid NaOH tablets were added to the suspension to reach a NaOH/biomass w/w ratio of 0.02. The suspension was 
TiO 2 synthesis
After dispersing CVU90 in deionized water, 30% w/w, aqueous NaOH was slowly added to the suspension until complete dissolution occurred and the solution pH was stable solutions. A third titanium dioxide sample was prepared by dropping 2.83 ml of TIIP in 10 ml of neat deionized water. Precipitation occurred as soon as TIIP was added to the solutions. The reaction mixtures were aged at 65 °C for 1 day. Afterwards the solid products were recovered by centrifugation, washed twice with 20 ml of water, and dried at 105 °C overnight. The powders were then calcined in air at 500 ºC for 3 hours (heating and cooling rate of 2 °C min -1 ).
TiO 2 characterization
Specific surface area and porosity of materials were determined by means of N 2 adsorption at liquid-nitrogen boiling point in a gas-volumetric apparatus (ASAP2020 model by Micromeritics). Samples were outgassed at 300 ºC in vacuum (residual pressure 10 -2 mbar) until no gaseous species arise from them (about 4 hours). Specific surface areas were determined using the Brunauer-Emmett-Teller (BET) model [32] and porosity was obtained applying the Barrett-Joyner-Halenda (BJH) method on desorption branch of the isotherms [33] . Crystal structure of materials was determined using X-ray diffractometer Philips PW1830 working with Co-Kα source and Bragg-Brentano geometry. BS effects during synthesis on TiO 2 crystallites domain size (Dv, in the following), was evaluated. A lower limit value of Dv was calculated employing the Scherrer equation relating the size of sub-micrometre particles in a solid to the broadening of diffraction pattern main peaks [34] and considering k = 0.9 as the shape factor and λ = 1.789010 Å as the wavelength of the Xrays for Co Kα1 radiation. High-resolution transmission electron microscopy (HRTEM)
images were obtained with a JEOL 3010-UHR instrument (acceleration potential: 300 kV).
Samples for TEM investigation were supported onto holed carbon coated copper grid by dry deposition. The surface hydrophilicity of the prepared TiO 2 powders was evaluated according to a previously reported procedure [35, 36] using an adsorption microcalorimetry (Tian-Calvet model by Setaram) equipped with a gas-volumetric apparatus for the quantitative and energetic study of surface-water interaction.
Results
Biosurfactant structure
As shown in Fig. 3 Table 1 . Since the characterization protocol used for the acquiring these data is based on combining potentiometric titration, elemental analysis, and 13 C NMR data, the concentration of the functional groups is here expressed as milliequivalent of carbon atoms per gram of dry matter. These analytical data were used to draw the virtual molecular fragment of CVU90, which is depicted in Fig. 4 . This fragment consists of hydrophobic alkyl chains and hydrophilic acidic moieties, namely carboxylic acids and phenolic groups:
this confirms the surfactant-like behavior of CVU90. At 25 ºC and pH 7 a virtual critical micellar concentration (cmc) of 2.0 g L -1 was measured for CVU90 [19] . At this concentration the water surface tension is lowered from 71.2 mN m -1 (net water) to 31.4 mN m -1 , which confirms the good surfactant properties of the investigated BS. From previous results [24] , BSs are expected to effectively act as templating agents only when used at concentration well above their virtual cmc. For this reason, in this study CVU90 was used at concentrations equal to 5 and 25 times its virtual cmc.
TiO 2 structure and morphology
Three TiO 2 powders were prepared by hydrolysis and condensation of TIIP in acidcatalyzed conditions, at a different biosurfactant concentration, namely 0.0 g L -1 (T00), 10 g L -1 (T10), and 50 g L -1 (T50). Table 2 summarizes the experimental data for the preparation of the titanium dioxide powders and physical data extrapolated from XRD and gas-volumetric analyses. X-ray diffractograms of the three powders are reported in Fig. 5 .
All XRD patterns evidence the presence of titanium dioxide anatase phase. However, the sample prepared in the absence of CVU90 shows also two weak signals at 2θ = 36° and 59°, corresponding to the most intense diffraction peaks of the brookite phase. The three diffractograms show crystal peaks characterized by large width. According to Scherrer equation [34] , the degree of crystallinity of the three powders is compatible with materials consisting of nanometric crystalline particles. Moreover, the width of peaks increases with the amount of BS used in the synthesis of the materials, indicating that the size of these crystallites decreases (D v values are reported in Table 2 ) by increasing BS concentration. Table 2 , which show lower pore volume and pore size in TiO 2 system upon increasing CVU90 concentration in the sample preparation medium. Indeed, T00 sample shows a quite narrow BJH porosity distribution centered at about 20 nm of pore width, whereas the T10 and T50 samples exhibit wider pore size distributions centered at 10 and 7 nm of pore width respectively. Consequently, the cumulative pore volume decreases from 0.45 cm 3 g -1 for T00 to 0.30 to 0.19 cm 3 g -1 for the T10 and T50 samples, respectively.
These results are consistent with the TEM pictures and the XRD data: samples with higher BS concentration consist of smaller TiO 2 particles, and thus inter-particle pores are also smaller. On the other hand, a smaller particle size should result in a higher specific surface area (SSA). However, the data in Table 2 show the opposite trend, being T50 the sample with the smallest D v and the lowest SSA. This apparently odd feature will be discussed in the next section, after considering the results of the microcalorimetric analysis. 
TiO 2 hydrophilicity
Considering the possible application of the synthesized TiO 2 powders as photocatalysts for the removal of organic pollutants from aqueous effluents, their surface hydrophilicity was measured to obtain evidence on the capacity of these materials to interact with polar and apolar substances eventually dispersed in water. The surface hydrophilicity measurements were carried out following water adsorption at 30°C on samples vacuumactivated at 30°C according to a previously reported method [35, 36] . The procedure consists in studying the interaction between water and the surface of the solid material under investigation by an adsorption microcalorimeter equipped with a gas-volumetric apparatus. This allows determining both the amount of water adsorbed on the material surface and the energy released brought by the type of interaction, i.e., in the order of decreasing energy, specific chemisorption of water molecule on adsorbing sites and physisorption of water molecules by H-bonds formation. The 44 kJ mol -1 liquefaction enthalpy of water vapor is taken as threshold between hydrophilic and hydrophobic systems: i.e., interactions involving energies higher than 44 kJ mol -1 are due to hydrophilic surfaces, whereas energies lower than 44 kJ mol -1 derive from hydrophobic surfaces.
The results of these measurements for T00 and T50 samples are reported in Fig. 8A, B and C. The experimental points were collected for water vapor pressure values at the equilibrium (p e ) smaller than 4 mbar, in order to examine only the interactions due to the first layer of water molecules formed at the surface of materials (this way the interactions due to multiple layers formation and liquefaction of vapor are not considered). The first plot shows that from about 0.7 mbar of p e the amount of water adsorbed per unit surface by the T50 sample is higher than that observed for T00 sample. These data imply that the number of adsorbing sites available for interaction with water molecules in the T50 sample 14 (ionic sites and/or OH groups) is higher than those available at T00 surface. 
Discussion
BSs have a complex macromolecular structure. In reason of the presence of polar moieties as carboxylic acids, phenols, and amines, these substances can act as surfactants, polyelectrolites or chelating agents. Thus, the presence of a BS in the reaction mixture can influence the formation of the oxidic material during sol-gel synthesis in different ways.
Surfactant micelles are typically used as templates to control the pore size and shape of sol-gel derived oxide materials: in this case, the final consolidate oxide material retains size and connectivity of the surfactant micelles in the reaction mixture. This seems to be the case of the silica particles in Fig. 2 , which were prepared by hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in presence of a BS as pore tailoring agent.
These particles indeed have a few nanometer large cavities whose size is compatible with that of BS micelles or aggregates, removed by calcination. This consideration is supported by the fact that, as depicted in Fig. 9 , both pore volume and pore size of the final silica particle increased by raising the biosurfactant concentration in the synthetic mixture from 0.3 to 10 g L -1 .
On the contrary, Fig. 9 shows that T00, T10 and T50 powders had progressively smaller pore size and cumulative pore volume. Thus, the data presented in this paper suggest that mechanism is well compatible with the characteristic of BS molecules and with the morphology of the final consolidated TiO 2 powders here studied. Indeed, Gigant et al. [37] has reported that phenolic compounds, namely pyrocatechol, salicylic acid, and 2,2'-biphenol, form relatively stable polynuclear complexes with Ti 4+ ions, generated by hydrolysis of titanium(IV) butoxide. Therefore, it is well possible that titanium (IV) complexes, as the one reported in Fig. 10 , were formed just after addition and subsequent hydrolysis of TIIP in the CVU90 solution. These titanium (IV) complexes act as nucleation sites, around which TiO 2 nanoparticles grow by condensation of the dissolved monomers and TiO 2 clusters. Therefore, an increase of CVU90 concentration in the reaction mixture is expected to lead the formation of a larger number of nucleation centers and thus to a larger number of TiO 2 nanoparticles with a smaller size. Indeed, the larger is the amount of hydrolyzed TIIP will be consumed for nuclei formation, the lower will be the amount of hydrolyzed TIIP available for particles growth by means of condensation reaction. This mechanism is compatible with the experimental evidences presented in this study. In fact,
an increase of CVU90 in the reaction mixture leads to the formation of TiO 2 crystals with smaller size.
Moreover, the presence of CVU90 in the reaction mixture has a not negligible influence on the hydrophilicity of the final oxide materials. The microcalorimetric results indicate that T50 sample possesses a larger number of water adsorbing sites with respect to T00
sample (see Fig.8A , with data normalized to the specific surface area of the materials).
This indicates that BS used during oxide preparation causes an increase of the number of adsorbing sites for m 2 of sample. Considering the q ads curves reported in Fig.8C , it is possible to observe that the larger difference shown by T00 and T50 samples forms at high coverage, when the interaction energies measured is in the range 60-80 kJ mol -1 , i.e. when water molecules interact with OH groups forming H-bonds. That implies that the number of OH groups in T50 sample is higher than in T00 one. In some extent this confirms that, in the presence of BS, a larger amount of TIIP is consumed to form nucleation centers, whereas a minor amount is consumed for particles growth by condensation reaction leading to a higher number of OH groups retained at the surface of material. This has two implications. The first one concerns the kind of hydrophilicity obtained in BS presence: as already discussed, the hydrophilicity of T50 sample is induced by a large number of OH groups and is not due to the presence of uncoordinated OH groups giving high interaction energies with water. The latter implication concerns the aggregation extent and, consequently, area and porosity of the materials: the larger the aggregation induced by a large number of OH groups (T50 sample), the lower the specific surface area and porosity of corresponding material.
Conclusions
The role of a waste derived polymeric biosurfactant (BS, namely CVU90) in the formation of titanium dioxide particles by sol-gel synthesis was investigated for the first time. The scope of this work was dual: (i) to fabricate novel TiO 2 -based materials via a sustainable synthesis excluding oil-based intermediates and (ii) investigate the effect of a BS on the nucleation, growth and consolidation of titanium dioxide particles. XRD and TEM data indicated that BS acted as structure directing agent. Titanium dioxide crystals obtained in the presence of BS were smaller with respect to the sample synthesized without biosurfactant. The presence of BS hampered the formation of brookite phase, which was not detected in the T10 and T50 samples by XRD analysis. The presence of BS led also to the formation of a larger number of surface hydroxyls. Ti-OH groups induced a good hydrophilicity to the two titania samples studied, but the hydrophilicity shown by T50 sample is essentially due to the presence of many OH groups, whereas is almost limited in terms of OH-water interaction energies. The interaction among Ti-OH groups facilitated aggregation of the primary titania particles and thus hydroxyl density influenced interparticle porosity. Therefore, T50 particles which have higher hydroxyl density, reasonably showed higher aggregation (TEM analysis) and thus lower pore volume and surface area (porosimetry measurements) than T00.
Comparing these results with those obtained for the synthesis of silica particles, it was possible to observe that the waste derived anionic biosurfactant plays a different role when Further extension of this work will concern the study of the photocatalytic properties of the synthetized materials in relation of their morphology and surface properties. Fig.1 : Source and process steps for the extraction of a waste derived biosurfactant (BS).
FIGURE CAPTIONS
The chemical structure represents a hypothetical BS fragment. 
